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Headwater rivers are the predominant kind of aquatic ecosystem in South Africas Cape Floristic Region. Invasion by alien
woody taxa (especially Acacia longifolia and Acacia mearnsii) have altered these rivers in recent decades, replacing indigenous veg-
etation and altering ecosystem functioning. Aliens have been systematically cleared in watercourses since 1995 as part of a national
program (‘‘Working for Water’’) to increase water production and improve water quality. Cleared sites are mostly left to recover to
their pre-invasion state without additional intervention. We compared the vegetation of seven rivers that vary in their extent of inva-
sion and clearing to identify factors limiting recolonization. Dense invasions cleared 3–6 years before the survey differ in vegetation
structure and composition from uninvaded or lightly invaded/cleared riparian reaches in the following ways: (1) diminished extent of
indigenous trees in the canopy and increased importance of shrubs or reinvading alien trees, (2) reduced species richness, (3) reduced
likelihood of occupancy for more than one-third of common, indigenous species, and (4) reduced incidence of indigenous tree regen-
eration. Overall, indigenous tree regeneration is very low and not disturbance-triggered which will likely result in slow recovery with-
out additional intervention. We recommend focusing active revegetation on common riparian scrub trees (i.e., Metrosideros
angustifolia, Brachylaena neriifolia, Brabejum stellatifolium, and Erica caffra). These species tolerate open habitats favored by alien
trees, eventually forming closed canopies required by shade-tolerant species. Accelerating establishment of these small trees is likely
critical for shifting cleared riparian corridors from a state that favors alien reinvasion. Effective establishment strategies will need to
be developed in the context of hydrologic impairment, since alien-invaded rivers in this region typically have reduced flow.
 2004 Elsevier Ltd. All rights reserved.
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Relative to their minor extent in most landscapes, rip-
arian ecosystems are disproportionately important for
the delivery of key services, especially water supply,
flood conveyance and biodiversity conservation (e.g.,
Naiman and Decamps, 1997). Attempts to engineer riv-
ers to maximize a particular service often impair their
hydrology, potentially contributing to invasions of alien0006-3207/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocon.2004.09.008
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E-mail address: galat001@umn.edu (S. Galatowitsch).species in riparian zones (see Tickner et al., 2001 for re-
view). Riparian ecosystems are widely regarded as being
highly prone to invasion by alien plants, largely because
of to their dynamic hydrology, nutrient levels, and abil-
ity to disperse propagules (e.g., Thebaud and Debus-
sche, 1991; Pyšek and Prach, 1994; Cronk and Fuller,
1995; Planty-Tabacchi et al., 1996). Some of these inva-
sions, in turn, have diminished the capacity for rivers to
provide ecosystem services. For example, phreatophytes
such as Tamarix spp. and Acacia spp. likely contribute
to reduced streamflow in moisture-limited regions of
California and South Africa, respectively (Loope et al.,
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of alien plants is increasingly of primary concern when
restoring rivers (Stromberg, 2001).
The high degree of invasibility of riparian ecosystems
also poses challenges for restoring those systems that are
already invaded by exotic species. Brown and Peet
(2003) proposed that the lowest biotic resistance to spe-
cies invasions should be expected in ecosystems where
immigration processes are stronger than extinction proc-
esses. Entry of any new species into a community is
facilitated by propagule influx (i.e., immigration proc-
esses) and resource release through low-intensity distur-
bance. In immigration-controlled systems, such as
riparian corridors, overall species diversity is unlikely
to confer substantial biotic resistance, since phenomena
such as competition-driven extinction are relatively
weak (Brown and Peet, 2003). Consistent with this
immigration–extinction framework, Levine (2000)
experimentally showed that in a relatively unaltered rip-
arian corridor, propagule supply makes the most diverse
communities most likely to be invaded. Extinction proc-
esses (i.e., those that selectively remove less competitive
species) potentially become more important to commu-
nity composition in a riparian corridor as exotic species
spread, outcompeting their indigenous neighbors and
diminishing the propagule production of indigenous
species. When exotic species are deliberately removed,
increased resource availability should again favor immi-
gration of any species, but propagule pressure in the sys-
tem may be predominantly from exotic species.
Large-scale (i.e., national or regional) aquatic resto-
ration programs often opt to rely on natural revegeta-
tion (vs. planting) to reduce costs and in the hope that
indigenous immigration will be relatively efficient (Gala-
towitsch et al., 1999). South Africas Working for Water
program has adopted this strategy, clearing exotics in
riparian corridors since 1995, in order to increase water
production, conserve biodiversity, and improve water
quality (Van Wilgen et al., 1998). Removal of invasive
alien woody plants in riparian zones (e.g., Acacia longi-
folia (Andr.) Willd., Acacia mearnsii De Willd., Eucalyp-
tus camaldulensis Dehnh., Paraserianthes lophantha
(Willd.) Nielsen) involves felling, usually combined with
herbicide application and prescribed burning. Reinvad-
ing exotics are regularly removed; follow-up clearing is
generally perceived to be a temporary practice (i.e., 2–
4 treatments) intended to deplete remnant propagule
reserves. Whether these practices trigger recovery of
indigenous riparian vegetation is uncertain: a lack of
propagule supply and/or unsuitable establishment con-
ditions could result in a protracted transition. Some
cleared riparian corridors appear to have returned to
states approximating pre-invasion conditions without
further management intervention. Other sites, however,
have failed to revegetate, experiencing serious erosion
damage and further invasion.Knowing which situations are prone to a lengthy
transition phase is critical for planning exotic-clearing
programs and for determining when additional interven-
tions will be necessary to accelerate ecosystem recovery.
While duration and extent of exotic spread are undoubt-
edly important, immigration patterns likely occur along
the upstream–downstream continuum, potentially
affecting recovery rates. The influx of propagules is
potentially most limited in headwater reaches of rivers
since downstream propagule movement is very effective
along rivers, even for short-floating seeds (Andersson
et al., 2000; Nilsson and Svedmark, 2002). While that
may limit recolonization of indigenous species in head-
water systems after clearing, it also means the probabil-
ity of exotic invasion due to propagule influx should be
lower. In addition, geomorphic processes related to sed-
iment accretion and deposition are less chronic in head-
water streams than in channel network systems (i.e.,
higher order stream reaches) (Gomi et al., 2002); thus
extinction processes should be more important, similar
to terrestrial systems (Brown and Peet, 2003). If most
plants, typical of headwater corridors are adapted to
stable environments, indigenous species there may be
slow to colonize newly cleared sites. Decamps et al.
(1988) suggested that cyclic succession, triggered by
flood-induced erosion and deposition, is less important
than autogenic forces in riparian areas lacking chronic
disturbance. Occasions for regeneration may be further
limited in headwater systems since high-disturbance
areas there (e.g., scour and runout zones of landslides)
are frequently exposed bedrock (Gomi et al., 2002).
So, within a river system, headwater reaches should
have lower rates of invasions by exotic species than
downstream reaches, but headwater riparian vegetation
is less likely to regenerate after exotic spread and clear-
ing. In order to reduce propagule influx to downstream
reaches, the favored clearing strategy in South Africa is
to begin removal in headwater reaches (CSIR, 1999).
Clearing headwater reaches has been a major part of
overall exotic species removal efforts in some regions
of South Africa, notably the Western Cape Province,
providing an important opportunity to investigate ripar-
ian vegetation dynamics during the post-clearing transi-
tion. We compared the composition of woody riparian
vegetation along Western Cape headwater river reaches
that have not been invaded/cleared, to those that have
been partially or fully invaded/cleared. We were partic-
ularly interested in identifying factors that may limit
the transition from invaded to ‘‘restored’’. In particular,
we asked the following questions: (1) Have alien tree
invasions altered the distribution of indigenous species
(potentially limiting post-clearing propagule supply)?
(2) Are post-clearing environmental conditions poten-
tially suitable for vegetation establishment of indigenous
riparian taxa; and (3) How common is indigenous
woody plant regeneration? Determining whether poten-
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unsuitable establishment conditions, or lack of distur-
bance-triggered regeneration exist in these headwater
systems is crucial for determining whether current clear-
ing practices alone will likely be adequate to reverse the
damage from exotic invasions. The main aim of this pa-
per is thus to provide a framework to develop post-alien
removal restoration strategies for riparian ecosystems in
the Western Cape and similar situations elsewhere.2. Sites and methods
2.1. Description of headwater riparian systems within the
study region
The study region is the portion of the Western Cape
between the Cape Peninsula, the Gouritz River, and
Worcester (the southwestern Cape). Within the study re-
gion, headwater systems with the Mountain Fynbos
Complex of Broad Habitat Units (Cowling and Heijnis,
2001) were included. The proportion of headwater
streams that have perennial flow is likely greater for
the southwestern Cape than elsewhere in the fynbos
biome, since precipitation is much greater in this part
of the biome (i.e., up to 3· higher, Allanson et al.,
1990). The geographic and habitat scope of this study
was selected because: (1) a significant effort has been
made to clear aliens within this area (primarily by
Working for Water, Western Cape Nature Conservation
Board and South African National Parks); (2) intact sys-
tems remain that can serve as references to infer the
potential of degraded sites; and (3) the large number
and extent of reserves in public ownership facilitated ac-
cess for research.
Approximately, 350 plant species have been reported
from vegetation descriptions of headwater riparian com-
munities in the southwestern Cape (data compiled from
22 sources, notably, Werger et al., 1972; McKenzie
et al., 1977; Boucher, 1987; McDonald, 1988; Sieben,
2003). Woody plants comprise about one-third of the
riparian flora, although nearly all of the dominant and
constant species are woody. As in most other riparian
ecosystems worldwide, the composition of woody spe-
cies along Western Cape rivers likely governs ecosystem
function by affecting microclimatic conditions, nutrient
cycling, substrate anchoring, and establishment of other
species (both plants and animals). Most of these riparian
woody plants (66%) are geographically widespread in
the Western Cape, occurring in three or four or the phy-
togeographic regions identified by Goldblatt and Man-
ning (2000).
Riparian vegetation in the southwestern Cape is
much less prone to fire disturbance than the surrounding
upland (Taylor, 1978). This is because most riparian
woodlands are protected from fire by topography (theygenerally occur in sheltered ravines or ‘‘kloofs’’), and
because the canopy architecture and fuel properties of
the dominant tree species in these communities do not
carry fire (Van Wilgen et al., 1990). Riparian scrub (also
called closed scrub fynbos), typified by small trees (3–10
m high) predominates with periodic fire (<50 year
return interval):Brabejum stellatifolium L., Metrosideros
angustifolia Sm., and Brachylaena neriifolia R.Br.,
regenerates by sprouting, from canopy-stored seeds, or
from soil-stored seeds (Holmes, 1998). As the canopy
closes, shade-tolerant species such Maytenus acuminata
(L.F.) Loes., Cassine schinoides (Spreng.) R.H. Archer,
and Podocarpus elongatus (Aiton) LHer. ex Pers. estab-
lish. With protection from fire for around 50 years,
Afromontane forests can develop, dominated by large
trees (with maximum heights > 0 m) such as Kiggelaria
africana L., Ilex mitis Radlk., Cunonia capensis L., and
Rapanea melanophloeos Mez. (Van Wilgen and Forsyth,
1992). These forests are typical of kloofs. Indigenous
riparian vegetation has been replaced by invasive aliens
such as A. mearnsii along many watercourses in the SW
Cape; this invasion has been ongoing for many decades
(Richardson et al., 1992). The Acacia spp. now prevalent
along Western Cape rivers were deliberately introduced
to South Africa from Australia in the 19th century, were
cultivated for a variety of purposes, and have since
spread extensively (Richardson et al., 1992). Like ripar-
ian scrub, Acacia regeneration is triggered by fire:
sprouting and recruitment from the seed bank are stim-
ulated by burning (Pieterse and Boucher, 1997). Very
high, regular seed production coupled with water disper-
sal ensures rapid distribution of Acacia propagules
downstream of the initial invasion. After establishment,
A. mearnsii is believed to serve as a sediment trap, creat-
ing a positive feedback for stand expansion (van der
Heyden, 1998). This process has been described for Ses-
bania punicea (Cav.) Benth., another invasive alien tree
legume in the region (Hoffmann and Moran, 1988).
Densification from first invasion to 100% cover is
thought to take from 25 to 50 years in these riparian sys-
tems (CSIR, 1999).
2.2. Site selection
We contacted public land managers responsible for
alien clearing within the study region to determine the
extent and nature of their headwater riparian projects
(i.e., first and second order systems). We used their
information to develop a general approach to the study
and to identify river reaches to sample. Based on this
information, we chose to focus on headwater riparian
systems that initially had been treated 3–6 years before
present. Six years included the initial pulse of work fol-
lowing the instigation of the Working for Water Pro-
gram, and 3 years presumably would allow some
opportunity for woody plant regeneration. We also
Fig. 1. Seven headwater rivers (¤) within the Western Cape Province of South Africa, forming a gradient from completely invaded/cleared to
unaltered were surveyed in this study. Initial clearance occurred 3–6 years before the surveys. From north to south (top to bottom), rivers included in
this study are: Waterval, Molenaars, DuToits Kloof, Jonkershoek, Jakkals, Silvermine and Louws. Characteristics of each river, corresponding to
this gradient are provided in Table 1. Map Source: South Africa Department of Environmental Affairs and Tourism.
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pletely invaded and cleared to those where patchy inva-
sions had been removed. Two rivers not invaded, but
otherwise similar to selected, cleared streams, were cho-
sen for sampling based on accessibility (i.e., public land)
and integrity of the catchment. The rivers chosen for
sampling included the Jakkals, Waterval, Silvermine,
Molenaars, Du Toits Kloof, Louws, and Jonkershoek
(Fig. 1). Vegetation management histories for each site
were compiled from interviews with land managers,
and included what was known about invasions, fires, ini-
tial clearing efforts, and follow-up clearing.
2.3. Field sampling
All field data collection was completed between late
January and mid June 2003. The portion of each head-
water river sampled in the field was primarily deter-
mined by the extent of the clearing along the main
stem. For uninvaded rivers, the extent of the field survey
was determined so that it was of similar length and lon-
gitudinal position of the cleared rivers. For all seven riv-
ers included in the study, 19.3 km were sampled, ranging
from 1.0 to 5.6 km per river.Vegetation and geomorphic descriptions were made
at intervals of approximately 100–200 m. Specific sites
were chosen where there was a significant change in
the physical character of the stream channel and/or the
surrounding landscape unless this distance was greater
than 200 m. Physical changes considered important were
longitudinal profile (% slope), shape of cross section
(i.e., the extent to which the river is narrow, deep, con-
fined, entrenched), and plan view morphology (sinuos-
ity, meander width ratio). Distance determinations
using a Global Positioning System (GPS) as well as spe-
cific site selection was made in the field, while walking
the length of the riparian corridor. A total of 105 sites
were sampled, ranging from 9 to 22 per river. The num-
ber of plots differs among rivers because the extent of
treatment varies among them.
The geomorphic and vegetative characteristics were
described at each site for an area 10 m long and for
the entire floodprone width of the river channel (also
known as the perifluvial width). The floodprone width
is measured from the water level at roughly twice the
maximum water depth (bankfull) of the perennial chan-
nel (Rosgen, 1994). Flood events that reach bankfull ele-
vation occur approximately every 1.5 years and are
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flood event (Thrush et al., 1996). There usually is a dis-
cernable geomorphic transition at both the bankfull and
floodprone elevations. In these rivers, the floodprone
width also coincides with the limit of predominance by
riparian plant species. Flood-prone width averaged 24
m for the sites sampled in this study, ranging from 8
to 60 m. Ninety percent of the sites, however, had widths
of 10–40 m. The location of each plot (generally to an
accuracy of several m) was recorded with a Garmin
76S GPS.
All woody plant species within each 10 m long swathe
(i.e., riparian plot) were recorded. Herbaceous species
were not surveyed since differences in their composition
was unlikely to significantly contribute to explaining
successional dynamics in these riparian systems, which
are dominated by woody species. Each species list was
annotated with cover-class estimates for several vertical
strata. Five cover classes were distinguished based on
aerial cover: <5%, 5–25%, 25–50%, 50–75%, >75%.
Four vertical strata were distinguished (m): <5, 0.5–
2.0, 2–5, >5. If seedling regeneration could be distin-
guished from clonal regeneration in the field, this was
noted. Voucher specimens were collected and identifica-
tions made at the Bolus Herbarium, University of Cape
Town (UCT) herbarium, with determinations verified by
the curator, Terry Trinder-Smith. This collection has
been archived at the Institute for Plant Conservation
(UCT). Total woody-plant canopy cover was also re-
corded to the nearest 5%. Evidence of clearing from
burning, cutting, herbicide, and hand pulling was also
described, as was any other evidence of disturbance
(e.g., flooding debris)
In addition to floodprone width, the median active
channel width was also estimated within each riparian
plot. Substrates for the 10-m length of the active channel
were characterized by size to the nearest 5%, based on
aerial cover. Six substrate categories were distinguished:
large boulders (>50 cm), small boulders (25–50 cm),
cobble (6–25 cm), gravel (0.2–6 cm), sand, and silt/clay
(following Rosgen, 1994). Any exposed sediments, such
as sand bars, mud flats, unstable riverbanks, were noted.
Channel pattern was also described for the entire reach
in which the riparian plot was situated, using five cate-
gories: relatively straight, low sinuosity, meandering,
tortuously meandering, or braided with multiple chan-
nels (Rosgen, 1994). The incision of the river reach
was categorized as deeply entrenched (e.g., vertical cliff
faces), entrenched, moderately entrenched, or slightly
entrenched (for each side).
2.4. Landscape characterization
The catchment of each sampled stream section was
delineated (using the lowest riparian plot location) based
on 1:50,000 digital data from the Water Research Com-mission Surface Water Resources of South Africa WR90
project (updated 1999). ArcView (version 3.2, Environ-
mental Systems Research Institute, 1999) was used to
describe parent material(s) and land use(s) within each
catchment, using digital data (1:50,000) supplied by
the Western Cape Nature Conservation Board
(WCNC). Digital topographic data (also 1:50,000) were
used to determine the longitudinal position of each rip-
arian plot (measured as distance from source), the
length of each river surveyed, and the approximate ele-
vations of each plot (in conjunction with field GPS
estimates).2.5. Data analysis
Each species found in the study was classified based
on their potential maximum height as a large tree species
(>10 m), small tree species (3–10 m), or shrubs (all spe-
cies with maximum heights <3 m). The shrub category
includes a diverse group of species including shrubs,
sub shrubs, woody ferns, and the prostrate, rhizomatous
woody plants (e.g., Prionum serratum Drege ex E.
Meyer). Goldblatt and Manning (2000) was the main
source for assigning species to categories. Each riparian
plot was categorized as having a canopy predominated
by indigenous large trees, small trees, shrubs (including
all short-stature woody plants), or other vegetation (her-
baceous plants or alien woody vegetation). The predom-
inant canopy cover was considered to be the tallest
vegetation with a total cover exceeding 25%.
Patterns of woody plant richness and species distribu-
tions were explored with respect to the following explan-
atory variables: total canopy cover, longitudinal
position, elevation, floodprone width, channel width,
unstable substrates (presence or absence), channel sub-
strates, valley incision, and extent of invasion/clearing.
The last three variables are scalars. A channel substrate
value was determined for each plot by multiplying the
cover of each class (as a proportion) by a coefficient
(large boulders = 6 to silt/clay = 1). A value for valley
incision at each plot was calculated by adding together
an entrenchment value for each side (deeply en-
trenched = 0.5 to slightly entrenched = 3). Based on field
descriptions and annotated species lists, each riparian
plot was assigned a value for density of invasion/
clearing:
1 = none;
2 = few alien trees invaded/removed;
3 = partial invasion/removal (generally along upland
edge);
4 = some patches of indigenous trees or small trees
remain after extensive invasion/clearing;
5 = complete invasion/removal – no remnant indigenous
trees or small trees.
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between woody vegetation, environmental characteris-
tics, and extent of invasion and clearing. Our use of
inferential statistics is intended to demonstrate when a
pattern is stronger than would be expected from random
chance – not as strict test of a hypothesis. Because ripar-
ian plots along a particular river are not independent
samples, all of our analyses first account for the variance
attributable to river (i.e., three-way tests or tests with
groups). In general, statistical analyses were performed
in SAS (Version 8.2, SAS Institute, 2000).
The extent to which total species richness is related to
the explanatory variables was tested using Poisson
regression (test threshold of p = 0.05). Factors affecting
the distributions of 38 common species (those present
in more than 10% of riparian plots) were explored indi-
vidually, using presence/absence data (not cover classes).
Logistic regression was used to test the hypothesis that a
particular species was more likely to be found in unin-
vaded/cleared sites (positive slope), invaded/cleared sites
(negative slope) or was ubiquitous (test threshold of
p = 0.10) following Seabloom and van der Valk (2003).
Logistic regressions were performed on clustered data
(rivers as clusters) using generalized estimated equations
(GEE, Z distribution) (Allison, 1991). Since this analysis
was meant to identify possible relationship rather than
strictly test a hypothesis, we elected to relax the test
threshold and discuss species with p values less than
0.10. The p values for all tests are shown in Table 3. This
logistic-regression approach was also used to explore
species distribution affinities with the other explanatory
variables (each analyzed separately). The likelihood that
tree regeneration (i.e., presence/absence of large or small
tree species <0.5 m tall) was related to the nine explana-Table 1
Characteristics of rivers sampled in this study
Jonkershoek Louws Du Toits K
Invasion score 1.0 1.1 2.8
Number of samples 22 11 9




Catchment size (ha) 1245 1888 4583






Catchment geology Arenite (50%) Arenite Arenite
Granite (50%)
The invasion score for each river was calculated by averaging the rating as
cleared, 3 = partial invasion/cleared, 4 = some patches of indigenous trees
clearing-no remnant trees remain. Catchment area was estimated from GIStory variables likewise relied on logistic regression (test
threshold of p = 0.05).
Whether woody-plant assemblages corresponded to
environmental differences or differences in extent of
invasion/clearing was analyzed with partial Mantel tests
(NTSYSpc Version 2.1, Rohlf, 2000). A matrix of vege-
tation dissimilarity was generated using semi-qualitative
Sorenson index values (based on cover class estimates).
Correspondence attributable to river was accounted
for using a matrix of 1s (for pairs of plots from different
rivers) and 0s (pairs of plots from the same river) fol-
lowing Legendre and Fortin (1989). The residuals of this
analysis were compared to a third distance matrix of
simple differences between values of a particular explan-
atory variable (test threshold of p = 0.05), except for
channel width and floodprone width. These two varia-
bles were considered together (i.e., as the parameter
channel dimension) using Euclidian distances for the
third matrix because we assumed both together more
accurately represent the physical character of each river
reach than either individually.3. Results
3.1. Characteristics of sampled rivers
The extent and density of invasion/clearing varied
greatly among the sampled headwater rivers, from the
minimally affected rivers selected as reference systems
(Jonkershoek and Louws) to the Jakkals River which
had been heavily invaded along its entire length (Table
1). Catchment land use corresponds to this invasion/
clearing gradient. The three rivers least altered by alienloof Molenaars Silvermine Waterval Jakkals
2.9 3.6 3.8 4.7
10 21 14 18
1.6 5.6 3.2 3.0
528–615 62–437 219–334 158–235













Arenite (50%) Arenite Arenite Arenite (60%)
Granite (50%) Shale (40%)
signed to each plot in the field: 1 = none, 2 = few alien trees invaded/
remain after extensive invasion/clearing, and 5 = complete invasion/
coverages (see text for details).
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situated in catchments that are biological reserves and
have a cover of indigenous vegetation. In contrast, the
catchments of four more heavily altered rivers include
cultivated land, plantations, and/or settlements. Two
rivers (Molenaars and Silvermine) have direct hydro-
logic alterations: dams and/or water withdrawals.
Catchment area ranged from 1003 to 4583 ha but did
not correspond to extent of invasion/clearing.
We found a total of 115 woody plant species in ripar-
ian plots: 13 large trees (seven not indigenous to the
Western Cape), 20 small trees (two not indigenous),
and 82 shrubs and other small-stature woody plants
(one not indigenous). Of these, 44% were only found
along one river. An additional 45% occurred on two
to four rivers. Only 21 species (11%) occurred on fiveTable 2
Average Sorensons dissimilarities (and standard deviations) for woody vege
Vegetation dissimilarities
Jonkershoek Louws DuToits Kloof Molenaa
Jonkershoek 0.55 (0.12) – – –
Louws 0.69 (0.13) 0.45 (0.10) – –
DuToits Kloof 0.69 (0.10) 0.68 (0.08) 0.51 (0.10) –
Molenaars 0.64 (0.11) 0.81 (0.08) 0.65 (0.10) 0.49 (0.1
Silvermine 0.88 (0.09) 0.78 (0.08) 0.86 (0.05) 0.94 (0.0
Waterval 0.75 (0.11) 0.71 (0.08) 0.66 (0.08) 0.69 (0.0
Jakkals 0.93 (0.08) 0.97 (0.04) 0.80 (0.07) 0.80 (0.1
Fig. 2. Differences in canopy cover among rivers are shown (percent of rip
categorized as indigenous large trees, small trees, shrubs (including all short
woody vegetation). The predominant canopy cover was considered to be theor more rivers. Vegetation assemblages differ among riv-
ers (2-way Mantel test, p = 0.001). On average, vegeta-
tion dissimilarity ranged from 45% to 56% when plots
along a river were compared, but from 64% to 97%
for comparisons of plots between rivers (Table 2). Two
of the most altered rivers (Jakkals and Silvermine) were
consistently least similar (88%) to the vegetation along
other rivers.
3.2. Effects of invasions on indigenous woody vegetation
Increasing severity of invasion resulted in a post-
clearing shift from canopies dominated by indigenous
large and small tree species to those dominated by
shrubs (or other small-stature woody plants) or reinvad-
ing alien trees (Fig. 2, Table 3). Even when vegetationtation in riparian plots within and between rivers
rs Silvermine Waterval Jakkals Between-river average
– – – 0.76
– – – 0.77
– – – 0.72
1) – – – 0.76
6) 0.65 (0.14) – – 0.88
9) 0.88 (0.07) 0.55 (0.11) – 0.75
1) 0.93 (0.06) 0.83 (0.07) 0.58 (0.15) 0.88
arian plots). The dominant canopy cover for each riparian plots was
-stature woody plants) or other vegetation (herbaceous plants or alien
tallest vegetation with total cover exceeding 25%.
Table 3
Results of logistic regressions were used to determine whether each common woody species was more or likely to be found in invaded/cleared stream
reaches, or was ubiquitous (*alien). The p values for each test are shown in ()
Likelihood of occurring with greater invasion/clearing
Less likely Ubiquitous More likely
Trees Cunonia capensis L. (<0.001) *Acacia longifolia (0.03)
Ilex mitis (0.07) *Acacia mearnsii (0.08)
Rapanea melanophloeos (0.06) *Acacia saligna (0.01)
Small trees Brachylaena neriifolia (0.01) Brabejum stellatifolium (0.25)
Cassine schinoides (<0.001) Maytenus oleoides (Lam.) Loes.(0.55)
Erica caffra (0.06) Metrosideros angustifolia (0.11)
Maytenus acuminata (0.001) Psoralea pinnata L. (0.76)
Podalyria calyptrate Willd. (<0.001)
Shrubs, subshrubs,
woody ferns
Aspalathus sp. (0.03) Asparagus sp. (0.37) Berzelia lanuginose Brong. (0.09)
Diospyros glabra (L.)
DeWinter (0.01)




Psoralea aphylla L. (0.01) Cliffortia ruscifolia (0.24) Cliffortia strobilifera Murray (0.07)
Todea barbara (L.) T. Moore (0.01) Indigofera cytisoides L. (0.45) Stoebe plumose (L.) Thunb. (0.01)
Leucadendron macowanii E. Phillips (0.86)
Pelargonium cucullatum (L.) L. Her. (0.25)
Prionum serratum (0.78)
Rhus angustifolia L. (0.56)
Rhus laevigata L. (0.54)
Rhus tomentosa L. (0.54)
Senecio halmifolius L. (0.21)
*Spartium juncaceum L. (0.32)
Struthiola myrsinites Lam. (0.89)
Stoebe cinerea (L.) Thunb. (0.68)
Virgilia oroboides Lam. (0.49)
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of invasion/removal affects riparian species composition
(3-way Mantel test, p < 0.001).
Species richness is lower in plots with greater alien
invasion/clearing (Poisson regression, p = 0.02). Among
the 34 common indigenous taxa, 12 are less likely to oc-
cur on densely invaded sites, including all three tree spe-
cies, five small tree species, and four shrubs. The
remaining four small trees along with 14 shrubs were
ubiquitous. Four shrub species are more likely to occur
on invaded sites.
3.3. Environmental factors affecting species distributions
Differences in riparian species composition also re-
flect variation in channel substrates (3-way Mantel
tests, p = 0.04), valley incision (p = 0.05), canopy clo-
sure (p = 0.001) and longitudinal position (p = 0.001),
but not channel dimensions. None of these environ-
mental variables, however, affect species richness. Only
seven common species were ubiquitous with respect to
environmental conditions (Logistic regressions). Seven-
teen species (all indigenous), including all large tree
species and all but one small tree species, were more
likely to occur when at least one of the following con-
ditions exists: closed canopy, located near river source,
boulder channels, no exposed sands/silts/clays, deeplyincised valley (Table 4). Since river channels within
steep valleys often have boulder channels and high
flows (so minimal opportunity for deposition), it is
not surprising that many species showed a preference
for several of these environmental conditions. The
remaining 14 species (including all four common alien
taxa) were less likely to occur in areas with these
conditions.
3.4. Regeneration of riparian trees
Despite the fact that more than half of common tree
species occurred in more than 30% of the riparian plots,
regeneration (seed or clonal) was observed in more than
10% of the plots for only five species (Fig. 3). Two of
these five are alien species, A. longifolia and A. mearnsii.
Indigenous tree regeneration is lower in areas with
greater alien invasion/clearing (logistic regression,
p = 0.07), greater with greater canopy cover (p = 0.05),
and on stable substrates (vs. new deposition)
(p = 0.07). In contrast, regeneration of invasive trees is
more likely occur in sites further from the river sources
(p = 0.05), with less canopy closure (p < 0.0001), and
with exposed substrates (new deposition) (p = 0.07).
Neither indigenous or alien tree regeneration were af-
fected by species richness, valley incision, elevation, or
channel dimensions (poisson or logistic regressions).
Table 4
Environmental factors related to species distributions are listed for the 31 taxa present in more than 10% of riparian plots with distributions affected
by tested environmental factors (logistic regression, p < 0.10)
Canopy closurea Proximity to sourceb Channel substratesc Presence of exposed substratesd Valley incisione
Trees
Cunonia capensis + + +
Ilex mitis + + +
Rapanea melanophloeos + + +
Acacia longifolia*  
Acacia saligna*  
Acacia mearnsii* 
Small trees
Cassine schinoides + + + +
Podalyria calyptrata + + +
Maytenus oleoides + + +
Maytenus acuminata + + 
Brabejum stellatifolium + +
Brachylaena neriifolia +
Psoralea pinnata  
Shrubs, subshrubs
Psoralea aphylla + +
Diospyros glabra + +
Asparagus sp. + +
Indigofera cytisoides + +




Stoebe plumosa    
Berzelia lanuginosa    
Cliffortia strobilifera    
Berzelia intermedia +  
Cliffortia ruscifolia   
Chrysanthemoides monilifera   
Struthiola myrsinites 
Prionum serratum 
Senecio halmifolius  
Spartium junceum*
The remaining seven species had ubiquitous distributions: Erica caffra, Leucadendron macowanii, Metrosideros angustifolia, Pelargonium cucullatum,
Rhus tomentosa, Stoebe cinerea, and Virgilia oroboides (*alien species).
a (+), closed; (), open.
b (+), upstream; (), downstream.
c (+), large boulders; (), silts/clays.
d (+), no; (), yes.
e (+), steep; (), slight.
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4.1. Factors affecting woody revegetation
In uninvaded or lightly invaded riparian corridors,
scrub forests (i.e., small trees) comprise 40–100% of
the headwater reaches; Afromontane forests (i.e., large
trees) occupy the remainder. Along densely invaded
and cleared rivers, more than half of the length (and
up to 90%) is dominated by shrubs, reinvading alien
trees, or herbaceous vegetation. The differences in
propagule supplies between rivers in these two states
likely affect recolonization rates and patterns. On a
low-order river in the Netherlands, Boedeltje et al.(2003) found that seed production per plant was more
important than morphological adaptations for explain-
ing species distributions throughout the riparian corri-
dor. This Dutch study confirmed the hypothesis
forwarded by Thompson et al. (2002) that producing
more seeds translates directly into reaching more unoc-
cupied gaps. For rivers with patchy or light invasions
(e.g., DuToits Kloof, Molenaars), local extinctions fol-
lowing alien invasions along specific river reaches are
unlikely to have a significant effect on propagule sup-
plies crucial for post-clearing colonization. Seeds pro-
duced from the remnant indigenous vegetation
following clearing will likely rapidly be moved via
water to newly cleared patches.
Fig. 3. The frequencies of all occurrences of common woody tree species are shown along with their incidences of regenerating individuals (<0.5 m
height class).
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headwater river system, as happened along the Jakkals,
Waterval, and Silvermine Rivers, the lack of remnant
canopy vegetation may mean the rate of long-distance
propagule dispersal (from other river systems) will gov-
ern recolonization of some indigenous species. The effi-
ciency of long-distance seed dispersal has the potential
to be relatively high for bird-dispersed species, as long
as birds are attracted to the river following clearing. Sev-
eral of the indigenous woody species from Western Cape
riparian systems are bird-dispersed, including C. capen-
sis which has minute seeds that adhere to bills, feet and
feathers of birds (Coates Palgrave, 2002) and I. mitis, K.
africana and Olea europaea subsp. africana which have
fleshy fruits eaten by many birds (e.g., Richardson and
Fraser, 1995). In several cases, however, seeds of these
bird-dispersed taxa (e.g., M. acuminata, K. africana)
seem to require a closed canopy for establishment which
will not exist after clearing. Most other species from the
system are likely gravity or ant-dispersed (Le Maitre and
Midgley, 1992) making long-distance dispersal between
river systems an accidental event.
Although our study did not attempt to gauge post-
clearing seed production or germination rates, we were
able to detect that indigenous tree regeneration seems
very low compared to alien trees. The relative rate of
alien and indigenous woody regeneration may seem
comparable, considering individuals in the smallest
height class (<0.5 m). However, this conclusion is mis-
leading for two reasons: first, all of the sampled rivers
have active follow-up clearing programs, removing
newly recruiting alien vegetation and second, the rapidgrowth rate of alien woody plants means that using
the presence of taller vegetation is likely more accu-
rate for estimating reinvasion. A. longifolia occurred
in 55% of all riparian plots sampled, A. mearnsii in
37% and Acacia saligna (Labill.) H.L. Wendl., 10%,
indicating reinvasion is much greater than that of
indigenous woody tree species, for which seedlings or
resprouting individuals were found in 10% or less of
all riparian plots. Although riparian scrub species
can establish in open sites, indigenous tree regenera-
tion was more likely to occur in plots with closed can-
opies. The overall low rate of regeneration of
indigenous trees compared to alien trees suggests that
repeated follow up clearing is essential to recovery,
and that the transition phase along highly invaded/
cleared rivers may be protracted.
One important finding of this study is that seed
regeneration of indigenous trees in these headwater
rivers is not disturbance-triggered. Unlike many other
riverine settings worldwide (e.g., Auble et al., 1997;
Stromberg, 1997; Andersson et al., 2000), seedlings
are not found on recent deposition along channels,
but rather on stable banks and along rock fractures.
Headwater rivers tend to be erosional, not deposi-
tional and are not prone to frequent overbank flood-
ing, typically of more higher-order river systems
(Stanford et al., 1996). Consequently, seedling recruit-
ment as a response to flooding disturbance may not
be an adaptive advantage. Unfortunately, dense stands
of Acacia seem to increase sediment trapping (van der
Heyden, 1998); reworking of this sediment in channels
after clearing may create new depositional surfaces
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ored on unstable substrates, conditions created by
clearing (both in channel and along banks) may con-
tinue to favor reinvasion over recovery. More studies
are needed to ascertain the regeneration dynamics of
both indigenous and alien trees in these cleared head-
water systems.
Given that one-third of the common woody riparian
species are less likely to occur in heavily invaded sites,
local extinctions occurring during invasion may be an
important determinant of the post-clearing riparian spe-
cies distributions. We suspect, however, that some of the
species are less likely to occur in alien invaded/cleared
areas because they are invasion resistant. Afromontane
riparian forests, with their high canopies, occupy
steep-sided, fast gradient river reaches likely offer fewer
alien colonization sites than riparian scrub forest. Not
surprisingly, the alien tree species of Western Cape
headwater rivers favor open sites typical of disturbed
conditions, but otherwise generally are ubiquitous with
respect to longitudinal position, valley form, and chan-
nel substrates. In contrast, most of the indigenous large
and small tree species occupy a narrower range of envi-
ronmental conditions, often preferring closed canopy
sites with stable substrates. However, several small tree
species typically dominant in riparian scrub occur in
both open and closed sites (B. stellatifolium, B. neriifo-
lia, Erica caffra L. and M. angustifolia), suggesting that
these species may find suitable conditions for establish-
ment in cleared sites. Scrub is typical of riparian areas
that occasionally burn (e.g., Taylor, 1978); Afromon-
tane forest establishment usually occurs beneath a
closed canopy of scrub (Van Wilgen and Forsyth,
1992). So, the key to whether forests of invaded/cleared
headwater rivers recover may depend on the efficiency of
recolonization of these scrub species vs. reinvading alien
trees.
4.2. Developing restoration strategy for headwater rivers
Our study suggests that where alien invasions have
been extensive and severe, riparian corridors left to
recolonize via natural processes will likely experience
a protracted transition that is prone to alien reinvasion.
Clearing alone may perpetuate an alien-dominated
‘‘stable state’’ by reopening the canopy, creating
patches that are not then occupied by indigenous spe-
cies either because propagule supply is limiting and/or
because none of the indigenous trees function as fast,
growing pioneers recolonizing after disturbance; this
niche in these impaired headwater rivers is filled with
distinction by alien Acacia spp. In river systems that
experience chronic bank and channel instability and
deposition, indigenous pioneering trees are an impor-
tant component of the riparian flora. For example,
along rivers of eastern US, Betula nigra L., Salix nigraMarshall, and Acer negundo L. are fast-growing, indig-
enous trees that colonize newly disturbed surfaces, set-
ting the stage for other guilds of tree species,
increasingly suited to stable, established sites (Hupp,
1992). Likewise, Alnus hirsuta Turcz. and Toissusu
urbaniana (Seem.) Kimura serve as fast-growing pio-
neers in rivers in Japan (Nakamura et al., 1997). Even
though small trees along Western Cape headwater riv-
ers are known to regenerate on bare ground after occa-
sional fires (Holmes, 1998), the evidence from our
study suggests they are not serving as pioneers in re-
cently cleared sites. Biological feedbacks in these West-
ern Cape headwater rivers appear to increase the
resilience of these alien-degraded systems (see Suding
et al., 2004), necessitating intervention.
Increasing the propagule supply by seeding cleared
rivers will not likely be effective for several reasons.
First, indigenous seeds that do establish will likely grow
much more slowly than reinvading aliens. Second, seed
dispersal and even germination may be limited by the
continued hydrological impairment typical of alien-in-
vaded rivers in this region. Third, the availability of
seeds from the remaining less altered rivers is likely
not adequate to sustain both the regenerative capacities
of those rivers as well as serve as donor sites for the
recurrent dosings needed by cleared systems. Conse-
quently, we anticipate that planting selected species
may be needed to catalyze recovery. Using a few indig-
enous species as catalysts to stable the site and close the
canopy still relies on dispersal to reassemble most of the
riparian community. Since these Western Cape head-
water rivers have a high proportion of infrequent species
and vegetation dissimilarity is very high between rivers,
establishing planting ‘‘mixes’’ may actually alter the way
riparian flora are distributed in the region, which is
undesirable. With a closed canopy, the risk of alien rein-
vasion should be lower and the rate of seed dispersal by
birds higher, making natural recolonization an effective
mode of increasing diversity.
Focusing on common species of riparian scrub (i.e.,
B. stellatifolium, B. neriifolia, E. caffra, and M. angust-
ifolia) is logical since they do have some, although not
all, of the adaptations typical of riparian pioneers.
Adding tree planting to the current alien-clearing pro-
gram would greatly increase project logistics and costs.
However, if several small tree species were amenable to
soft-engineering (i.e., brush mattressing, live fascine,
dormant cutting), revegetation may be no more costly
(and possibly cheaper) than repeated follow-up clear-
ing. Clearly, there is an urgent need to better under-
stand the modes of reproduction and spread of
riparian scrub trees in the Western Cape so that resto-
ration strategies can be implemented with confidence
and the desired goal of restoring the biotic integrity
to severely invaded headwater rivers can actually be
accomplished.
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